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Introduction: Alzheimer’s disease (AD) is a multifactorial neurodegenerative
disorder characterized by predominant - but not exclusive - pathological
accumulation of amyloid-b (Ab) in the brain. This process affects not only
neurons (particularly cholinergic) but also glial cells, contributing to progressive
neuronal loss and neuroin ammation. Dehydroepiandrosterone (DHEA) and
dehydroepiandrosterone sulfate (DHEAS) are endogenous steroids that are
hypothesized to exert neuroprotective and anti-in ammatory effects. This study
aims to histologically characterize the in vivo temporal progression of Ab-induced
alterations in cholinergic neurons and glial morphology. Our secondary aim was
to evaluate whether DHEAS protects cholinergic integrity and, if so, whether this
effect is mediated through glial activation.

Methods: Ab,_4, was injected into the cholinergic nucleus basalis magnocellularis
(NBM) region of C57BL6/J male mice and one hour later 10 mg/kg DHEAS or
vehicle (0.9% saline) was applied intraperitoneally. After 3, 12 or 33 days, the mice
were transcardially perfused and immunohistochemical staining was used to
investigate cholinergic cell (ChAT) and ber (AChE) loss, as well as microglia
(IBA1) and astrocyte (GFAP) morphology.

Results: Our ndings con rmed that Ab peptide exerted neurotoxic effects on the
cholinergic system and triggered time-dependent activation in both glia cell
types. Microglial cells initiated their response by day 3, adopting an amoeboid
morphology, whereas delayed astrocytic reactivity was observed between days 3
and 12, demonstrated by increased rami cation. DHEAS treatment preserved
cholinergic ber density, without effecting the number of cell bodies and
modulated the in ammatory responses of glia cells, by decreasing the area
occupied and number of microglia in a time dependent manner.
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Discussion: Ab toxicity exerts time-dependent effects on both cholinergic
neurons and glia cells, while DHEAS shows therapeutic promise, though its
ef cacy and exact mechanism require further investigation.
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amyloid-b, astrocytes, cholinergic system, dehydroepiandrosterone sulfate (DHEAS),
microglia, neuroin ammation, neurosteroids

1 Introduction

Alzheimer’s Disease (AD) is the most common
neurodegenerative disorder, with a complex etiology not yet fully
understood. The deterioration of the cholinergic system, observed
in AD, results in a signi cant decrease of acetylcholine (ACh). This
neurotransmitter is essential for cognitive processes, such as
learning and memory (1, 2). Evidence shows that the basal
forebrain, especially the Meynert nucleus (in rodents the nucleus
basalis magnocellularis complex, NBM) (2, 3), the brain’s main
source of acetylcholine, is signi cantly affected (4). A central event
(alongside other contributing factors) that initiates the pathogenesis
of AD might be the formation and accumulation of amyloid-beta
(Ab) oligomers. This plays a crucial role in driving cholinergic
dysfunction and degeneration. In the human brain Ab accumulates
in multiple phases, with cholinergic basal forebrain neurons affected
from phase 3. At this stage clinical cognitive decline typically
emerges, underscoring the central role of plaques in the disease
progression (5). Aging appears to exacerbate Ab toxicity, with
cholinergic neurons being especially vulnerable (6). Speci cally,
Ab accumulation can decrease ACh synthesis and secretion (3, 7),
as well as choline uptake (8). Moreover, acetylcholinesterase
(AChE), the enzyme that rapidly breaks ACh at the axon
terminals (2), can interact with Ab peptides, promoting the
formation of Ab plaques and fostering neuronal death (9). The
Ab accumulation can also in uence Ca * homeostasis, leading to
further cell degeneration (10). These ndings suggest that injection
of Ab into NBM, which leads to cholinergic cell death, can be used
as a targeted model of AD-related neuronal toxicity (11).

Neuroin ammation, attributed to activated microglia and
astrocytes, is considered as a driving force in the onset and
progression of AD (12, 13). Glial cells respond to Ab plaque
formation by transitioning into reactive forms (14, 15). In the
early stages of the disease, reactive glia plays a bene cial role in
clearing Ab. However, prolonged activation results in chronic
in ammation, characterized by elevated levels of pro-
in ammatory cytokines, such as tumor necrosis factor-a (TNFa),
interleukins (IL-6, 1L-1b) and nitric oxide (NO), with damaging
effects on the nervous system (16). Microglia activation, driven by
elevated levels of Ab and reactive oxygen species (ROS), results in
impaired Ab phagocytosis (16). In parallel with this, reactive
astrocytes undergo hypertrophy and overexpress markers such as
glial brillary acidic protein (GFAP), nestin, and vimentin (16-19).
In AD, astrocytes become more sensitive to Ca * signaling, reacting
more rapidly and intensely and exhibiting increased ROS
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production. This reduces the levels of glutathione (GSH), one of
the brain’s most important antioxidants (20). Hence, mitigating
in ammation could represent potential therapeutic approach
to AD.

Dehydroepiandrosterone (DHEA) is an endogenous steroid
that serves as a precursor for sex hormones testosterone and
estrogen. It is primarily produced in adrenal glands and gonads
(21, 22), but also synthesized in the central nervous system by
neurons and glial cells (23, 24). DHEA is converted into its more
stable, water-soluble, biologically active and major circulating form,
dehydroepiandrosterone sulfate (DHEAS). Numerous studies have
shown that both DHEA and DHEAS levels signi cantly decrease
with age (25) and in AD (26-28). Our previous study showed that
DHEAS mitigates Ab-induced neurotoxicity by modulating
mitochondrial function, apoptosis, and the PI3K/Akt-Bcl2
signaling pathway, and reduces Ab plaque load in the motor
cortex of 3xTg-AD mice (29). Due to its steroidal properties, it is
hypothesized to exert neuroprotective and anti-in ammatory
effects, which might be observed already after a single injection
(24, 30, 31). Furthermore, DHEAS has been reported to modulate g-
Aminobutyric acid sub-type A receptors (GABAAR) and N-methyl-
D-aspartate (NMDA) receptor function (32, 33), in uence
neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) (34), and exert
antioxidant effects. Moreover, DHEA increased acetylcholine
(ACh) release from hippocampal neurons (35), while evidence
suggests that DHEAS, rather than DHEA, more effectively
enhances central cholinergic function (36). Based on this premise,
these compounds emerge as promising therapeutic candidates for
neurodegenerative diseases; however; so far the supporting evidence
is sparse and not conclusive, and the exact mechanisms of their
actions are still not clear (24, 37).

Therefore, using unilateral Ab;_4, injection into the NBM as an
animal model of AD, our aims were to (i) characterize Abj_4,-
induced alterations in cholinergic neurons and glial cells and (ii)
assess the modulatory effects of DHEAS. Although Ab;_4,-induced
neurotoxicity and in ammatory responses are well established,
time-dependent alterations representing the progression of the
processes are sparse, relying mostly on in vitro observations (38).
In this study, animals were treated with water-soluble DHEAS one
hour after the neurotoxic injection, and subsequent cellular and
histological alterations were analyzed. Morphological examination
was assessed 3, 12 and 33 days after the neurotoxic lesion, based on
previous results from our laboratory demonstrating neuroprotective
potential of estradiol in these timepoints (11).
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2 Materials and methods
2.1 Animals

The study enrolled three-month-old male C57BL/6J mice, since
a more prominent effect was expected in males due to the
androgenic nature of DHEA and DHEAS (39). All animals were
bred and housed at the University of Pecs, Medical School, Institute
of Physiology. Mice were maintained under a 12 hours light/dark
cycle (lights on at 10 a.m.) and provided food and water ad libitum.
Mice (~25 g) were group-housed (5-6 per cage) in 325 170 140
mm cages. The temperature of the animal room was 22 —2 C, and
the relative humidity was 55 — 10%. The number of animals was 6-
8/group, in total 56. No mortality occurred during the study. All
experiments were approved by the Workplace Animal Welfare
Committee of the University of Pecs and the National Scienti c
Ethical Committee on Animal Experimentation of Hungary (BA02/
2000-84/2022) and performed according to the European
Community Council Directive recommendations for the care and
use of laboratory animals (2010/63/EU). The authors complied with
the ARRIVE guidelines.

2.2 Neurotoxic model, stereotaxic surgery

While Ab injection into speci ¢ brain regions does not fully
recapitulate all aspects of AD, compared to a genetic mouse line this

10.3389/fendo.2026.1764298

neurotoxic model allows precise control over pathology and timing,
allowing direct assessment of cholinergic and glial responses. In
addition, the fact that NBM complex projects ipsilaterally to the
somatosensory cortex (SSC) (40), enables comparison of the two
hemispheres after unilateral Ab;_4, injection. This eliminates
interindividual differences, and reduces the number of required
animals. Whereas bilateral injection is necessary for behavioral
assessment (e.g., memory-related and cognitive outcomes), in our
histological analysis we used unilateral administration allowing the
contralateral hemisphere to serve as an internal control. This
neurotoxic model also addresses the limited NBM pathology
observed in transgenic models, where amyloid deposition
primarily occurs in cortical, hippocampal, and amygdala regions
with minimal and late basal forebrain involvement (41-43), in
contrast to humans, where the Meynert nucleus is severely
affected (44).

Ab,_4, was dissolved in sterile TRIS (300 nM; #252859-500G,
Merck-Sigma-Aldrich, Darmstadt, Germany, pH=7.14) and “aged”
for 5 days at room temperature (RT), whereas 0.05 M sterile TRIS
solution (pH=7.14) was used as a control. Ab;_4, or TRIS were
unilaterally stereotaxically administered to the NBM in a volume of
5 0.2 mL along the DV coordinate, under a 100 mg/kg ketamine
(#A31108, Calypsol 50 mg/mL, Gedeon Richter, Budapest,
Hungary) and 10 mg/kg xylazine (#QNO05CM92, Sedaxylan 20
mg/mL, Dechra, Northwich, UK) anesthesia (Figure 1B).
Unilateral injection was performed because this study focused on

A

Il. Injection Morphological studies
* DHEAS: 10 mg/kg « ChAT, AChE
« (or vehicle) « IBA1, GFAP
R & 1h & 3/12/33 days @
C57BL6/J
3-month-old - AB1-42: 300nM
« (or TRIS)
I. Injection Perfusion
B C
l. injection Il. injection
intracranial intraperitoneal
? [ tris ° vehicle ]
[ a8 - vehide | /" ~
(A A DHEAS |

Bregma -0.70mm

Coordinates:

« AP: -0.70mm,

* ML:-2.00mm,

« DV: -3.75-4.75mm

FIGURE 1

n= 6-8/ treatment

Experimental design. (A) The gure illustrates the chronological order of interventions, the time intervals between treatments (red) and the
concentrations used. (B) Representative illustration of the stereotaxic surgery targeting the nucleus basalis magnocellularis (NBM), showing the
stereotaxic coordinates and the projection area in the somatosensory cortex (SSC). (C) The various treatment groups. Other abbreviations: amyloid
beta 1-42 (Ab;_45), tris(hydroxymethyl)aminomethane buffer (TRIS), dehydroepiandrosterone sulfate (DHEAS), choline acetyltransferase (ChAT),
acetylcholinesterase (AChE), ionized calcium-binding adaptor molecule 1 (IBA1), glial brillary acidic protein (GFAP), number of animals (n). Icons

used in Figure 1. Retrieved from https://www. aticon.com/.
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histological evaluation, with the contralateral hemisphere serving as
a control. The stereotaxic coordinates from the bregma were:
AP: -0.70 mm, ML: -2.00 mm, and DV: -3.75-4.75 mm (45). One
hour after surgery, the animals received a single intraperitoneal
(i.p.) injection of either vehicle (Veh, 10 mL/kg saline, 0.9% sodium
chloride #07220-101-190, Molar Chemicals, Halasztelek, Hungary)
or DHEAS (10 mg/kg; #SLBF3469V, Merck-Sigma-Aldrich, USA),
(Figures 1A, C). Following three different time points (3, 12, 33 days
after DHEAS treatment), the animals were anesthetized with an i.p.
injection of a ketamine-xylazine cocktail (see above), and
transcardially perfused with 15 mL of 0.9% sodium chloride
solution, followed by 30 mL of 4% paraformaldehyde (PFA;
#28794.295, VWR, Radnor, PA, USA), (Figure 1A). Brains were
dissected and post xed in 4% PFA for 3 hours and then dehydrated
with 30% sucrose solution (#59378-1KG, Merck-Sigma—Aldrich,
Darmstadt, Germany) overnight. Coronal, 30 m brain slices were
made by a freezing microtome (SM2010 R, Leica, Chicago, IL,
USA). The injection site was evaluated in all analyzed mice.
Stereotaxic injections were performed using a ne glass capillary,
which did not lead to visible, macroscopic changes, only to a small,
cortical lesions (representative images are shown in
Supplementary Figure 1).

2.3 Morphological staining
2.3.1 Choline acetyltransferase

Brain slices were selected from the coordinates: bregma -0.50
mm to -0.80 mm (45). Samples were washed with 0.05M TRIS for
3x10 minutes after each step. Endogenous peroxidase was blocked
by a 3% peroxide solution (H,0O,, #H1009-100mL, Merck-Sigma-
Aldrich, Darmstadt, Germany) for 15 minutes. A background
blocking mixture (containing 0.2% Triton X-100, #20540, Renal
Labor, Budapest, Hungary; 10% horse serum (HS), #H1270-100ML
and 0.05M TRIS) was then applied to the samples for 2 hours. After
blocking, slices were incubated for 72 hours with the primary
antibody ChAT (Goat, 1:1,000; #AB144P, Millipore, Burlington,
MA, USA; 0.02% TX; 5% HS in TRIS). Next, brain slices were
incubated with a biotinylated secondary antibody (biotinylated
anti-goat 1:200, #705-065-147, Jackson ImmunoResearch,
Cambridge, UK, 0.02% TX; 5% HS in TRIS) at RT for 2 hours.
An avidin-biotin kit (VECTASTAIN Elite ABC-Peroxidase Kits,
PK-6100, Vector Laboratories, Newark, PA, USA) diluted in 0.02%
TX; 5% HS and 0.05M TRIS was applied for 2 hours, RT. The
visualization was performed by Ni-DAB (3,3'-diaminobenzidine
tetrahydrochloride hydrate, #D5637-1G; nickel (Il) sulfate
hexahydrate, #227676-500G; D-(+)-Glucose, #G8270-1KG and
ammonium chloride, #213330-500G, Merck-Sigma—Aldrich,
Darmstadt, Germany) and glucose oxidase (#G7141-10KU,
Merck-Sigma—Aldrich, Darmstadt, Germany). Imaging was
performed using a Nikon Eclipse E1 R (Nikon, Tokyo, Japan)
microscope at 4x magni cation.

2.3.2 Acetylcholinesterase histochemistry

To label the cholinergic bers in the SSC an AChE
histochemistry was performed (Figure 1B) (11). Slices were
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selected from the coordinates: bregma +0.10 mm to 0.70 mm
(45). The rst step of the staining process was a 5x1 minute sodium
acetate (0.1M, pH 6; #S2889-250G, Merck-Sigma—Aldrich,
Darmstadt, Germany) wash. Brain slices were then incubated
2x45 minutes in a mixture of sodium acetate buffer containing:
acetylthiocholine iodide (0.05%; #A5751-1G, Merck-Sigma—
Aldrich, Darmstadt, Germany), sodium citrate (0.1M; #S1804-
500G, Merck-Sigma—Aldrich, Darmstadt, Germany), copper
sulfate (0.03M; #209198-100G, Merck-Sigma—Aldrich, Darmstadt,
Germany), and potassium ferricyanide (5mM; #244023-500G,
Merck-Sigma—Aldrich, Darmstadt, Germany). The incubation was
followed by a 5 1 minute sodium acetate wash. After that an
ammonium sul de (1%; #S7482142 737, Molar chemicals,
Halasztelek, Hungary in sodium acetate) and then a silver nitrate
mixture (1%; #S8157-10G, Merck-Sigma—Aldrich, Darmstadt,
Germany, in sodium nitrate 0.1 M; #5S8170-250G, Merck-Sigma—
Aldrich, Darmstadt, Germany) was added. Next, the samples were
washed for 5 1 minutes in sodium nitrate, followed by addition of
sodium acetate. Imaging was performed using a Nikon Eclipse E1 R
(Nikon, Tokyo, Japan) microscope at 10 magni cation.

2.3.3 Fluorescent immunohistochemistry (IBAL,
GFAP)

For the examination of microglia and astrocyte morphology, the
injection site was selected between bregma -0.50 mm and -0.80 mm.
We analyzed the NBM and the puncture channel separately, since
the latter received no or very little amount of Ab;_4, but showed
signs of mechanical tissue damage. During the staining, the samples
were washed with 0.05M TRIS for 3x10 minutes after each step.
Prior incubation of samples with primary antibodies (lonized
calcium-binding adaptor molecule 1 (IBA1), rabbit, 1:1000, #019-
19741, FujiFilm Wako; GFAP: 1:1000 chicken, #NBP1-05198,
Novus Biologicals), background blocking was performed (same as
for ChAT staining). After 72 hour incubation with the primary
antibodies, Alexa Fluor conjugated secondary antibodies (Alexa
Fluor (A) A674, anti-rabbit, 1:2000, #711-605-152, Jackson
ImmunoResearch; A488, anti-chicken, 1:2000, #5414658300,
Eugene. OR, USA) were used. Slices were incubated with
secondary antibodies for 2 h at RT. Cell nuclei were stained with
Hoechst 33342 trihydrochloride trihydrate (#H3570, Invitrogen,
Waltham, MA, USA). After coverslipping with ProLong Gold
Antifade mounting medium (#P36934, Invitrogen, Waltham, MA,
USA), imaging was performed using a Nikon Eclipse Ti2-E
microscope with a Nikon C2 confocal detector (Nikon,
Tokyo, Japan).

2.4 Image analysis

Images were analyzed using ImageJ (FIJI; National Institutes of
Health, USA; version 1.54f) or CellPro ler (version 4.2.8; https://
cellpro ler.org) software. All experimenters were blinded to the
treatment groups.

To assess the cholinergic system, ChAT" cells were counted
manually on both the lesioned and non-lesioned brain hemispheres,
whereas for AChE™ bers the integrated optical density (I0D) was
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quanti ed between layers IV and V of the SSC, as previously
described (46).

For glial reactivity, the area occupied by glial cells was measured
in ImageJ. Images were acquired under identical xed settings,
regardless of animal or condition. Brightness was adjusted using the
“Window/Level” function, followed by conversion to 8-bit format
and color inversion. After thresholding, a binary mask was created,
and the “Analyze Particles” function was applied to quantify the
total area occupied by the signal of interest.

For detailed morphological analysis, CellPro ler software was
used. GFAP* and IBA1" signals were rst detected and co-localized
with DAPI to con rm that the analyzed objects represented cells. A
minimum overlapping threshold of 10% was applied during co-
localization analysis to de ne positive cells, ensuring that only
objects with suf cient spatial overlap between immuno uorescent
markers and DAPI-stained nuclei were included in subsequent
analyses. Filtered objects were skeletonized, and the following
parameters were extracted:

Cell count = the total number of segmented cells identi ed by
co-localization with DAPI.

Perimeter = the total length of the cell boundary (in pixels).

Number of branches = the number of distinct cellular processes
extending from the cell body.

Number of endpoints = the number of terminal ends of
cellular processes.

Due to the unilateral injection, we compared the lesioned side
with the intact brain hemisphere. We calculated a ratio for all
parameters except for astrocyte morphology.

Ratio = lesion side=intact side

Since reactivity on the contralateral side was low or showed no
GFAP reactivity at all, normalizing to the mean of the control group
would affect the time-dependent analysis, therefore for astrocyte
morphology we used the raw data from the injected hemisphere.

2.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 8.0.1 (GraphPad software, Inc., San Diego, CA, USA).
Sample size (n=6-8 per group) was determined based on power
analysis. Power analysis was performed using G*Power 3.1 for a
two-way ANOVA with treatment and time as factors. Assuming
a=0.05, power=0.8, 2 levels of treatment, 3 time points, and a
medium effect size (f=0.50), the minimum required sample size was
estimated at n=6 per group per time point. To account for potential
variability, we used n=6-8 animals per group. Outliers were
identi ed using Dixon’s Q test, and only statistically signi cant
ones were excluded. Normality was assessed using the Shapiro—
Wilk and Kolmogorov—Smirnov tests. Two-way ANOVA test (with
factors treatment and time) was applied for group comparisons, and
Tukey HSD test was used for post-hoc analysis. Pearson’s
correlation was calculated between cell loss and glia markers.
Data is presented as mean — SEM. A signi cant difference was
accepted at p<0.05.
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3 Results

3.1 Morphological assessment of the
cholinergic system

To examine the cholinergic cell bodies, ChAT" cells were
counted in the NBM (Figure 2A). The results demonstrated
signi cant difference between groups (treatment: F;45=3.729,
p=0.0317); but no signi cant time effect (F(,45=2.094, p=0.1351)
or interaction (F 45=1.037, p=0.3988), (Figures 2B, D). The
signi cant Aby_4»-induced cell loss was detectable only at 12 days
(TRIS+Veh. vs Ab+Veh: p=0.0398; TRIS+Veh. vs Ab+DHEAS:
p=0.0416) and cholinergic cell number remained low 33 days
post-injury. However, DHEAS treatment did not exert a
protective effect against cholinergic cell death at any of the
examined time points.

We further investigated the density of AChE™ bers in the SSC,
the projection area of NBM neurons. We observed signi cant time (F
(2.49)=3.748, p=0.0306) and treatment (F 9=3.187, p=0.0500)
effects, as well as their signi cant interaction (F 49)=2.774,
p=0.0372), (Figures 2C, E). Speci cally, although three days after
the Aby_4>-lesion no changes in ber density were detected, after 12
days the Ab;_4, injection signi cantly reduced the relative ber
density compared to control group (p=0.0034). By day 33, the
Aby 4, -induced ber density decrease showed signs of spontaneous
improvement. DHEAS treatment signi cantly reduced the extent of
AChE ber degeneration 12 days following Ab;_4,-lesion (p=0.0024).

3.2 Glial coverage in the cortex

During morphological investigation of glia cells, we rst
examined the injection-induced mechanical injury in the cortex.
Our analysis revealed signi cant differences across time in both glial
cell types: microglia and astrocytes (IBAL: F(,50=15.95, p<0.0001,
GFAP: F(2,49)=7.907, p=0.0011, respectively), (Figures 3B, C;
Supplementary Figure 2. for representative images). The IBA1*
cells demonstrated a higher area occupancy on day 3 (3 days vs. 12
days: p<0.0001; 3 days vs. 33 days: p=0.0002), which has been
reduced to day 12, remaining low also on day 33. In contrast,
GFAP" cells showed the highest area coverage on day 12 (3 days vs.
12 days, p=0.4007), which decreased in day 33 (12 days vs. 33days,
p=0.0007), (Figure 3C). There were no signi cant effects of
treatment or signi cant interaction between treatment and time
at any time point, which is in accordance with the fact that the Ab;_
42-lesion was not induced in the cortex (Figures 3B, C).
Furthermore, the DHEAS treatment had no effect on mechanical
injury-induced glial reactivity in the cortex.

3.3 Glial coverage in the NBM

In the NBM both glial cell types, microglia and astrocytes,
showed signi cant time-related differences (IBAL: F(,51)=16.87,
p<0.0001; GFAP: F(,51)=33.34, p<0.0001), (Figures 3A, D, E),
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FIGURE 2
Immunohistochemical analysis of cholinergic cells and bers. (A) Representative gure of the anatomical regions investigated. (B) Cell number
changes across groups in the nucleus basalis magnocellularis (NBM). Slight decrease at 3 days post-Ab, with signi cant loss by day 12 in both Ab
groups, persisting at day 33. (C) Changes in acetylcholinesterase (AChE) ber density in somatosensory cortex (SSC). No change on day 3; reduced
at day 12. Dehydroepiandrosterone sulfate (DHEAS) was effective and increased ber density on day 12. On day 33, ber degeneration showed an
improving tendency, without any effect of the treatment. (D) Representative images of the immunohistochemical staining of choline-
acetyltransferase (ChAT) positive cells on the lesioned and intact sides in the 12 days group. (E) Representative images of histochemical staining of
AChE bers on the lesioned and intact sides in the 12 days group. Cortical layers IV and V are visualized. Data are expressed as mean + SEM.
Differences compared to the TRIS+Veh. group are marked with asterics (*) *p<0.05, **p<0.01; while comparison to Ab+Veh is marked with the
number sign (#), 7#p<0.01. Sample size is 6—8 animal/group. Scale bar: 20mm in D and 50mm in E.

mirroring the cortical pattern (Supplementary Figure 2. For
representative images). Area covered by microglia cells
demonstrated a general decline over time, being the highest on
day 3 (3 days vs. 12 days, p<0.0001; 3 days vs 33 days, p<0.0001),
whereas astrocyte coverage peaked on day 12 (3 days vs. 12 days,
p<0.0001; 12 days vs 33 days, p<0.0001). The ndings showed that
in the NBM, Ab;_4, treatment resulted in a time-dependent glia
reactivity (IBAl: F(,51)=13.84, p<0.0001; GFAP: F(;51)=4.829,
p=0.0120; interaction: IBAL: F451)=3.751, p=0.0095; GFAP: F
51y=2.971, p=0.0279) (Figures 3D, E). Speci cally, the Ab;_4,
injection signi cantly increased the area covered by IBA1" cells
(microglia) on days 3 (TRIS+Veh. vs Ab+Veh: p=0.0007), with a
smaller increase on day 12 (TRIS+Veh. vs Ab+Veh: p=0.0019) and
no signi cant effect at day 33 (Figure 3D). On the other hand,
DHEAS treatment signi cantly reduced the area covered by IBA1"
cells on day 12 (Ab+Veh vs. Ab+DHEAS: p=0.0272). In the case of
astrocytes, no signi cant difference was observed in the covered
area 3 days after Ab;_4, or following DHEAS administration
(Figure 3E). However, after 12 days, Ab;_4, injection increased
the area occupied by GFAP™ cells (TRIS+Veh. vs Ab+Veh:
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p=0.0001) without signi cant effect of DHEAS treatment (TRIS
+Veh vs. Ab+DHEAS: p=0.0007, Ab+Veh vs. Ab+DHEAS:
p=0.7797). By day 33 we observed a general decrease in the
coverage of GFAP™ astrocytes in the NBM.

3.3.1 Detailed morphology of the IBA1* microglia

At the site of injection (i.e., in the NBM) Ab;_4, administration
increased the relative IBA1* cell number at 12 days (TRIS+Veh. vs
Ab+Veh: p=0.0254), (Figure 4C), which was not detected in any other
group (i.e., 3 or 33 days and at 12 days: TRIS+Veh. vs Ab+DHEAS
treated: p=0.6949). All other investigated morphological parameters
of the IBA1" microglia showed time-dependent changes (relative
perimeter: F(;51)=9.035, p=0.0004; interaction: F s:)=3.594,
p=0.0117; relative number of branches: Fs1)=9.403, p=0.0003;
relative number of branch endpoints: F(50=6.392, p=0.0034;
Supplementary Figure 2. for representative images), with no
differences observed on day 33 after Ab; 4, injection. On day 3,
treatment, more speci cally the Ab;_4, injection reduced the
perimeter of the microglia cells (F,51)=3.758, p=0.0300; TRIS+Veh.
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FIGURE 3

The effects of stereotaxic surgery on glia cell coverage, in the cortex and nucleus basalis magnocellularis (NBM). (A) Representative confocal images of
the Ab microinjection in the NBM on day 12 (labels: glial brillary acidic protein (GFAP), lonized calcium-binding adaptor molecule 1 (IBAl). (B) Area
occupied by microglia cells (IBA1) at different times after the mechanical injury in the cortex. Differences were only seen over time, with no signi cant
variation between treatment groups. The area covered peaked on day 3 and steadily decreased to day 12 and 33. (C) Area occupied by astrocyte cells

(GFAP) at different times. The coverage peaked on day 12 post-injection and decreased entirely by day 33. No effect of dehydroepiandrosterone sulfate
(DHEAS) was detected in the cortical region. (D) Area occupied by microglia cells (IBA1) in the NBM. A signi cant increase in area coverage was observed
after Ab injection in both the 3 day and 12 days groups. However, dehydroepiandrosterone sulfate (DHEAS) reduced in ammation only at 12 days post-
treatment. By day 33, we found no signi cant differences between the groups. (E) Area occupied by astrocyte cells (GFAP) in the NBM. A signi cant
increase in astrocytic coverage was seen only 12 days post Ab injection. By day 33, the area occupied by astrocytes decreased. No DHEAS effects were
detected. Data are expressed as mean + SEM. Differences compared to the TRIS+Veh. group are marked with asterics (*), *p<0.05; **p<0.01; ***p<0.001;

*#+%n<0,0001. while comparison to Ab-Veh is marked with the number sign (#) #p<0.05. Sample size is 6—8 animal/group. Scale bar: 200mm.

vs Ab+Veh: p=0.0044), the number of branches (Fs1)=18.47,
p<0.0001; TRIS+Veh. vs Ab+Veh: p<0.0001), or the number of
branch endpoints (F(250=6.794, p=0.0025; TRIS+Veh. vs Ab+Veh:
p=0.0131). However, DHEAS did not exert any signi cant effects on
microglia perimeter (TRIS+Veh vs. Ab+DHEAS: p=0.0014),
(Figure 4D), the number of branches (TRIS+Veh vs. Ab+DHEAS:
p=0.0001), (Figure 4E), or the number of branch endpoints (TRIS
+Veh vs. Ab+DHEAS: p= 0.8329), (Figure 4F) on day 3. Similar
alteration, albeit with a lower magnitude, was detected on day 12
(TRIS+Veh. vs Ab+Veh: p=0.0126; TRIS+Veh vs. Ab+DHEAS:
p=0.0324).

3.3.2 Detailed morphology of the GFAP+
astrocytes

In case of the astrocytes, all examined morphological parameters
in the NBM showed time-dependent changes (cell number: F, 45
=5.867, p=0.0053; perimeter: F(, 39)=8.001, p=0.0012; relative number
of branches: F(,9=6.043, p=0.0045; relative number of branch
endpoints: F(,4¢=5.935, p=0.0050), (Figures 5B-E; Supplementary
Figure 2. for representative images), with the highest values on day 12
post-injection. Treatment, more speci cally Ab;_4, injection
signi cantly increased the number of cells (F,4g=3.484, p=0.0387,
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TRIS+Veh. vs Ab+Veh: p=0.0037), (Figure 5B), the number of
branches (TRIS+Veh. vs Ab+Veh: p=0.0141), (Figure 5D) and the
number of branch endpoints (TRIS+Veh. vs Ab+Veh: p=0.0090),
(Figure 5E) on day 12, without signi cant effects of DHEAS on the
number of cells (TRIS+Veh vs. Ab+DHEAS: p=0.0069), (Figure 5B),
the number of branches (TRIS+Veh vs. Ab+DHEAS: p=0.0175),
(Figure 5D), or the number of branch endpoints (TRIS+Veh vs.
Ab+DHEAS: p=0.0128), (Figure 5E). On the other hand, analysis of
the relative perimeter revealed no signi cant differences between
the groups.

3.4 Correlation between cholinergic cell
loss and glia markers

At day 3, the correlations between cholinergic cell loss in the
NBM and certain microglial parameters (speci cally the number of
branches and endpoints, both p<0.01) were positive, whereas the
correlations with astroglial parameters (all studied, p  0.01) were
negative (Supplementary Table 1). At day 12, no signi cant
correlation was found between cholinergic cell loss in the NBM
and any of the glial parameters examined. By day 33, the GFAP-
based parameters were positively correlated with cell loss (all
parameters, at least p<0.05; Supplementary Table 1).
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